Summary. Diabetic retinopathy is the leading cause of blindness in adults aged 30 to 65 years. However, 20 To of the diabetic population does not develop significant retinopathy. To examine the influence of immune-related genetic factors on the development of diabetic retinopathy, we studied immunoglobulin allotypes in 102 subjects aged 8 to 20 years, who had had Type 1 (insulin-dependent) diabetes mellitus for 4.5 to 11 years (mean 7.3 years). HLA had been previously typed on 59 of these subjects. Retinopathy was assessed by expert review of retinal photographs. Among the 44 patients who had evidence of retinopathy, 33(75 % ) were G2m(23 + ), while among the 58 patients without retinopathy but with similar duration of disease, only 28(48 %) were G2 m(23 + ) (p = 0.006). The HLA-DR types of patients with and without retinopathy were not significantly different.
Diabetic retinopathy is a significant complication of both Type 1 (insulin-dependent) and Type 2 (non-insulin-dependent) diabetes mellitus. The prevalence of retinopathy is dependent on the duration of diabetes, being rare before 5 years but present in 95 % of patients 15 years after diagnosis of diabetes [1] . Proliferative retinopathy occurs in 25 % of patients at 15 years but increases to 67 % at 35 years. Other risk factors reported to be associated with diabetic retinopathy include glycaemic control [2, 3] , hypertension, hyperlipidaemia, and genetic factors.
A number of papers have looked at genetic factors which may play a role in the development of retinopathy. Malone et al. [4] found an association between the DR3/DR4 heterozygote phenotype and retinopathy. Baker et al. [5] and Rand et al. [6] found an association between DR4/DR0, DR3/DR0, and DRX/DRX antigens and proliferative diabetic retinopathy in non-myopic patients (where X ~ 3 or 4, and 0 indicates homozygous or presence of blank allele). Sterky and Wall [7] and Dornan et al. [8] found an association between the DR4 antigen and retinopathy. More recently, Cruickshanks et al. [9] reported a significantly increased risk of proliferative retinopathy for diabetic patients who were DR3-DR4 + compared with those who were DR3-4-. Other groups have not found HLA-associated risk factors [10, 11] . Fletcher et al. [10] found an association between the complement allotype C4B3 (in linkage disequilibrium with DR4), and retinopathy. Mijovic et al. [12] reported an increased prevalence of the Gm phenotype (a,f,z;n;bl,g) in patients with retinopathy compared to patients without retinopathy matched for duration of disease. Gm phenotype has been shown to influence susceptibility to Type 1 diabetes (for review, see [13] ). If Gm genetic factors were also associated with age of onset and therefore duration of diabetes, this could produce an artifactual Gm-retinopathy association. The same proviso applies to associations between HLA region genetic factors and retinopathy. It is therefore essential that studies aimed at elucidating factors associated with retinopathy compare groups with and without retinopathy which have similar disease duration. It is evident from the above that the influence of genetic factors on the development of retinopathy remains a controversial area.
There is evidence that IgG is deposited in the walls of small blood vessels in diabetes [14] . IgG is a polypeptide composed of two heavy (gamma type) chains and two light chains (either kappa or lambda types). Each of the immunoglobulin chain types is encoded by separate sets of linked genes which are located on different chromosomes: the heavy chain genes are found on chromosome 14, the kappa chain genes on chromosome 2, and the lambda chain genes on chromosome 22 [15] . The set of linked genes encoding each immunoglobulin chain type includes variable (antigen-binding) region genes and constant region genes. Allotypic markers are inherited antigenic determinants detected by immunological methods. Gm and Km allotypes are antigens found on the constant region of IgG gamma heavy chains and kappa light chains, respectively. There are four subclasses of IgG, which correspond to four possible gamma heavy chain subtypes, and these are encoded by four closely-linked genes. Each IgG subclass (IgG1 -IgG4) has a specific structure and immunological role. Allotypes Glm (1, 2, 3, 17) are associated with IgG1 subclass only, G2m (23) with IgG2 subclass only, and G3 m(5,21) with IgG3 subclass only [15] . No allotypes have been found on IgG4 subclass gamma chains or on lambda light chains. A series of Gm allotypic markers constituting a gene complex and inherited as a block is referred to as a Gm haplotype. In Caucasians, the four common Gm haplotypes are Om 1' 17;21, Gm 1,2,17;21, Gm 3;5, and Gm 3;23;5 [16] . Thus, in Caucasians, a haplotype is either positive for G1 m (1, + 2,17) or G1 m(3) at the locus encoding IgG1 subclass chains, either positive or negative for G2m (23) at the locus encoding IgG2 subclass chains (there is no antigenic determinant on the G2m(23)-negative molecule), and either positive for G3 m(21) or G3 m(5) at the locus encoding IgG3 subclass chains. The alternate antigenic allotypes for kappa immunoglobulin light chains are Km(1) and Km(3). Caucasians are either positive for Km (1) or Km(3) or heterozygous for both.
The present study was undertaken to assess the relationship between genetic factors and the development of early retinopathy in children with Type 1 diabetes, particularly genetic factors of immunoglobulins (Gm and Km).
Subjects and methods

Subjects
The present study comprised 102 children of European ancestry who were followed-up by the Alberta Children's Hospital Diabetes Clinic. This included 91 patients from a previously-defined group ascertained to examine the relationship between puberty and retinopathy and an additional 11 patients added to the present study to increase the sample size. Children were selected for the puberty study such that the mean duration of diabetes was similar in pre-pubertal and pubertal groups. This selection was done prior to any testing. The present study group ranged in age from 8 to 20 years and had diabetes for 4.5 to 11 years. In order to determine Gm allotype frequencies in the general population, we used control subjects consisting of 126 randomly-selected Calgary Red Cross blood donors. Informed consent for studies of genetic factors in diabetes was obtained from the subjects or (for those under 18 years old) their parents/guardians.
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Evaluation of patients
The degree of retinopathy was assessed by retinal photography done through the Southern Alberta Study of Diabetic Retinopathy (SASDR). During each patient appointment, blood pressure (BP) was measured and blood was drawn to assess the lipid profile, haemoglobin A, and C-peptide level. The eyes were dilated and multiple stereographic photographs were taken of each eye. The photographs were sent to Wisconsin and viewed by retinal specialists who were unaware of the patient's history. Diabetic retinopathy was graded using the Airlie-House classification [2] and subjects with any evidence of retinopathy were scored as positive for presence of retinopathy.
Long-term glycaemic control was assessed by obtaining the mean glycated haemoglobin for each patient. Eighty-eight percent of the children had more than eight measurements done from the time of diagnosis to the time of retinal photographs. Total glycated haemoglobin was measured by a column-affinity technique using the Glyc-Affin GHb Kit [17] . The normal non-diabetic values in our laboratory are 4-8 %.
Gm, Km, and HLA typing of 59 patients had been previously done in Dr. L. Field's laboratory as part of her continuing studies of the genetics of susceptibility to Type i diabetes. For the remaining 43 patients, only Gm and Km typing was performed. Typing for allotypes G1 m(1), G1 m(2), Glm(3), G1 m(17), G2m(23), G3 m(5), and G3 m(21) was done via the haemagglutination-inhibition technique using naturally occurring anti-Gm antibodies. A similar method was used for Km(1) typing [18, 19] . HLA-A, B and DR types were determined by standard lymphocytotoxicity assay using Terasaki and Canadian Red Cross microtitre plates [20] .
All the children had BP measured on four occasions. The mean BP was compared to norms [21, 22] and a percentile was assigned. This allowed a more accurate assessment of hypertension in children of various ages.
Lipid profiles, HDL and total cholesterol were assessed and compared to norms for age. Pub ertal status was assessed by Tanner staging as prepubertal (Tanner I) or pubertal (Tanner IV or V) [23, 24] .
Statistical analysis
Tables comparing frequencies of Gm phenotypes, Gm allotypes, HLA antigens and Km allotypes in patients subdivided by retinopathy status were constructed and analysed via chi-square testing, using SAS (Statistical Analysis System) computer software. Patients subdivided by retinopathy status and by G2m(23) status were compared with respect to duration, glycated haemoglobin, insulin dose, BP and cholesterol level using the two sample t-test, and were compared with respect to pubertal status using the chi-square test.
Results
The frequencies of the Gm phenotypes in a control population of healthy Calgary Red Cross blood donors is shown in Table 1 . The relationship between retinopathy and Gm phenotypes is also presented in Table 1 . Patients with retinopathy had a higher frequency of the Gm (1,3,17;23;5,21) phenotype than patients without retinopathy (p = 0.024). This is the same Gm phenotype which was found to be increased in patients with retinopathy in a previous study [12] . For many of the less common Gm phenotypes, there were few patients, making the results of the statistical analyses questionable. Unfortunately, it is difficult to collapse phenotypic categories in a meaningful way. To further analyse the Gm effect, we therefore Table 2 shows the results of analysing the frequencies of the four key Gm allotypes in patients with and without retinopathy. There was a significant positive association of G2m(23) with retinopathy (p = 0.006). In the group with retinopathy, the G2 m(23) allotype was present at a frequency of 75 %, while in those without retinopathy, it was present at a much decreased frequency, 48 %. The frequency of G2m (23) in the control population was 68 %; this was not significantly different from that seen in all Table 2) . When the diabetic patients were broken down into pubertal and prepubertal groups, there was increased G2m(23) in those with retinopathy within each group (data not shown).
There was no significant association of retinopathy with G1 m(1) or Glm(2) allotypes (Table 2 ). Using chisquare analysis, the increased prevalence of G3 m(5) in patients with retinopathy was significant (p = 0.019), however this was probably secondary to the G2m(23) effect: G3m(5) and G2m(23) occur together in three of the six Gm phenotypes which are positive for G3m(5) (representing the presence of the Gm 3;23;5 haplotype) and only these three G3 m(5 + ) phenotypes had an increased prevalence in patients with retinopathy compared to patients without retinopathy (see first 3 and last 3 Gm phenotypes in Table 1 ).
The prevalence of retinopathy increases with the duration of diabetes and with higher glycated haemoglobin. Table 3 summarizes data comparing G2m(23) positive and negative patients with respect to these and other retinopathy risk factors. The two groups were similar: no variable showed a significant difference between groups. Table 3 also summarizes clinical data on diabetic patients with and without retinopathy, showing the two groups were similar for all variables except pubertal status. The latter observation will be discussed in a subsequent paper.
There was no association between retinopathy and HLA-DR types in our small subsample of 59 diabetic patients (Table 4 ). There also was no association between retinopathy and Km allotypes: 20 % (9 of 44) of patients with retinopathy were Km(1 + ), compared to 16 % (9 of 58) of patients without retinopathy.
Discussion
There was a significant association between possession of the immunoglobulin allotype G2m(23) and development of retinopathy in children with a 4.5 to 11-year (mean 7.3-year) history of Type 1 diabetes. Patients with retinopathy had a higher frequency of G2 m(23) than those without retinopathy, suggesting that either G2m (23) is associated with increased susceptibility to retinopathy, or lack of G2m (23) is associated with protection against retinopathy. The expected (normal population) allotype frequency for G2m(23) was 68 %. The patients with retino-L. L. Stewart et al.: Genetic factors in diabetic retinopathy pathy had a similar G2m(23) allotype frequency of 75 %, while the patients without retinopathy had a frequency of 48 %. This implies a protective effect of Gm types negative for the G2m(23) allotype -that is, individuals lacking an antigenic determinant on their IgG2 subclass immunoglobulins appear to be protected against development of retinopathy. The two children with significant retinopathy (maculopathy in one case and preproliferative retinopathy in the other) were both G2m(23 + ). The G2m(23) effect was independent of other risk factors. The patients positive for the G2m(23) allotype actually had better mean glycated haemoglobin values despite having a higher prevalence of diabetic retinopathy than those who were G2m(23-). Importantly, the mean duration of diabetes was similar in patients with and without G2 m(23). The Gm-retinopathy relationship held for both the pubertal and prepubertal groups (data not shown). There was also an association between diabetic retinopathy and the phenotype Gm (1,3,17;23;5,21) . This phenotype corresponds to the genotype Gm3;23;5/Gm 1,17;21. The other Gm phenotypes were not associated with significantly increased risk of diabetic retinopathy; however, some of the phenotypes were uncommon and accurate statistical analysis was not possible due to the small sample size. There was no significant association between diabetic retinopathy and Glm(1) or Glm(2) allotypes. The G3 m(5) association could be completely accounted for by the fact that G2m (23) is always co-inherited with G3 m(5), via the Gm 3;23;5 haplotype. We found no HLA-DR or Km association with diabetic retinopathy.
Mijovic et al. [12] found an association between the Gm phenotype (a,f,z;n;bl;g), which is the same as Gm (1,3, 17;23;5,21) , and microangiopathy in an adult population with Type 1 diabetes. The same group of investigators found an association of retinopathy with Gm(a,x,f,z;n;bl,g) [equivalent to Gm(1,2,3,17;23;5,21)] 7 years after diagnosis but not at 10 years after diagnosis, in Type 2 diabetic subjects [25] . Both of these phenotypes are G2 m (23 + ) . On reviewing the data of Mij ovic et al. [12] , there appears to be no association between the G2m(23) allotype and retinopathy in their entire (unmatched) group of diabetic subjects (3( 2 = 0.256, p = 0.6). The frequency of the G2 m(23) allotype in patients without retinopathy in the study by Mijovic et al. was 62 % vs 48 % in our study. This may have occurred because Mijovic et al. included patients with a short duration of diabetes (1-4 years) in the unmatched group without retinopathy. Patients with short disease duration have been shown to have a low prevalence (5 %) of retinopathy [1] . The unmatched groups with and without retinopathy in the study by Mijovic et al. differed with respect to duration of diabetes, which may explain the contrast between the results of their study and those of the present study (they found an associationwith a G2 m (23 + ) phenotype and we found the strongest association with the G2 m(23) allotype). Retinopathy was assessed clinically in the study by Mijovic et al., which is not as accurate as using retinal photographs reviewed by retinal specialists [26] . This may also have contributed to the differing results of the two studies.
There is evidence that proteins, including immunoglobulins, accumulate in the matrix lining the walls of small blood vessels in diabetic subjects. The amount of IgG cross-linked to the glomerular basement membrane is five times higher in diabetic than non-diabetic rats [14] . IgG binds preferentially to collagen and basement membranes which contain advanced glycated end-products (AGE) [14] . Brownlee et al. [27] have reviewed a model explaining the association of hyperglycaemia with diabetic complications based on the formation of AGE. Prolonged hyperglycaemia results in irreversible cross-linkage of collagen containing AGE. Immunoglobulins bind to the collagen-AGE complex, increasing attachment sites for other proteins and expanding the matrix. Macrophages have receptors for collagen with AGE and release monokines, tumour necrosis factor and interleukin-1. These monokines can initiate thrombus formation, cause increased vascular permeability, stimulate production of type IV collagen, and stimulate endothelial, fibrocyte and mesangial proliferation. There is also production of collagenase; however, glomerular basement membrane that is cross-linked with AGE is more resistant to digestion with proteases. The net balance favours accumulation of AGE. Monnier et al. [28] found an association between the amount of non-enzymatically glycated collagen proteins, as measured by fluorescent products in a stain biopsy, and the severity of diabetic retinopathy. There may be a difference between IgG2 subclass antibodies which are positive and negative for G2m (23) in their affinity for collagen with AGE, thus resulting in a difference in the amount of matrix lining the vessel walls. This may explain the G2m(23) association with diabetic retinopathy. It is also possible that a locus involved in the pathogenesis of diabetic retinopathy is linked to, and in disequilibrium with, the locus encoding G2 m(23).
Studies have suggested that different Gm allotypes have different immunologic functions. G2 m(23 + ) individuals have elevated levels of IgG2 and IgG4 [29] . Antibodies to dextran, levan, techoic acid and group A streptococcus are IgG2. G2m(23 + ) individuals have enhanced antibody responses to encapsulated micro-organisms [30] . There are a number of studies which show an association between Gm allotypes and autoimmune diseases. Nakao et al. [31] found an association between the Gm(1,2;13,15,16,21) phenotype and the presence of insulin antibodies in Japanese Type 1 diabetic patients. Nakao et al. [32] also found an association between the G1 m(2) allotype and Hashimoto's thyroiditis, Graves disease and systemic lupus erythematosus (SLE). Whittingham et al. [33] showed the risk of developing SLE was significantly increased if both HLA-B8 and the heterozygous Gm phenotype (a,f,x;b,g) were present. We have evidence that Gm region genes influence susceptibility to Type 1 diabetes indirectly through interaction with HLA region genes and T-cell receptor beta chain region genes [13, 34, 35] .
Fletcher et al. [10] found an association of retinopathy with the C4 B3 complement allotype but not with HLA-DR antigens. The C4 B3 complement allele is in disequilibrium with HLA-DR4. Mijovic etal. [12] found that the Gm and complement effects on diabetic retinopathy were additive, rather than interactive, indicating that the two effects operated through independent mechanisms.
1297
We found no HLA association with diabetic retinopathy in our subset of 59 HLA-typed patients. However, it should be noted that given the small numbers of HLAtyped diabetic subjects, our study has limited power to detect HLA differences between patients with and without retinopathy. Our negative finding is supported by other laboratories [10, 36, 37] . However, several other groups of investigators have reported some kind of association between retinopathy and HLA [4] [5] [6] [7] [8] [9] . Thus, there is no conclusive and consistent evidence that major histocompatibility antigens play a role in diabetic retinopathy. The weak associations between DR4 antigens and retinopathy may well result from an effect of genes in linkage disequilibrium with HLA-DR antigens. The duration of diabetes was not controlled for in many studies, therefore the weak HLA associations might also be due to the possible earlier onset of Type 1 diabetes in DR4 patients suggested by some studies [38] . However, our studies do not support an association between DR4 and an earlier onset of diabetes.
In conclusion, we have identified a genetic factor that is associated with the development of diabetic retinopathy in patients who have had Type 1 diabetes for an average of 7.3 years. Possession of this genetic factor is not related to duration of diabetes; thus, the association of this genetic factor with retinopathy is not secondary to an effect of the genetic factor on duration or age of onset of diabetes. Although it has been shown that metabolic control influences the development of microvascular disease [2, 3] , it now appears very probable that an immunogenetic component is also involved in the pathogenesis of retinopathy. Elucidation of the mechanism whereby immunoglobulin allotypes (or products of genes near the Gm loci) influence development of retinopathy will require intensive research. Identification of a subset of patients who are genetically more susceptible to developing retinopathy will enable us to: a) emphasize to those patients the importance of excellent glycaemic control in delaying microvascular disease, and b) target these patients for intervention when new methods of treating/preventing retinopathy are developed.
